We describe the UV-Vis and fluorescence spectroscopic characterization of newly synthesised amino and diamino substituted benzimidazo[1,2-a]quinolines and their various 1 : 1 metal complexes together with the related computational analysis of their acid/base properties and metal binding affinities. The work was performed in order to evaluate the photophysical features of these compounds and assess their potential chemosensor activity towards pH and metal ions in several polar and non-polar organic solvents. In addition, pH titrations and titration with metal chloride salts were carried out to determine the selectivity towards Co 
Introduction
Optical sensors are widely used in biochemical and medicinal studies for the detection of biologically important molecules, and various cations and anions. Fluorescence spectroscopy in particular has long been viewed as a powerful tool for basic research in the biological sciences due to the notable progress made in instrumentation, and the synthesis and availability of novel fluorophores. [1] [2] [3] [4] The selective recognition and detection of transition metal cations are of great interest for many scientific studies due to their importance in chemical, biological, biomedical or environmental processes. [5] [6] [7] Many of them are involved in the most important biological and biochemical processes, such as transmission of nerve impulses, muscle contraction and regulation of cell activity. 8 For example, Zn
2+
is an essential trace metal element responsible for the control of many cellular and enzymatic processes in living organisms, and it is also a contributory factor in neurological disorders, such as epilepsy and Alzheimer's disease. 9,10 Also, Zn 2+ has a specific structural function that allows the formation of peptides into multiple domains, or ''zinc fingers'', by the coordination to amino acids like cysteine and histidine. Importantly, high levels of Zn can be cytotoxic and may cause serious problems such as skin disease, diabetes and some types of carcinoma. Co 2+ is mainly retrieved in the corrin ring of vitamin B12, which is the original Co storage in biological systems, and is essential for the growth and metabolism of plants. Cu 2+ is another necessary and important trace element, the third most abundant transition metal in the body and in the brain, responsible for the normal function of many tissues, like the immune system, the nervous system and the heart. 11 Ni 2+ is a nutritionally essential trace metal in several animal species, microorganisms and plants.
On the other hand, fluorescent pH probes are widely used in analytical and biomedicinal chemistry, 12 for measuring intercellular pH 13, 14 or monitoring pH in blood. 15 Such probes are vital for the development of chemical sensors for biomedical diagnostics, cell biology and environmental monitoring.
support multiple modes of detection. 18 Their structure requires at least two functional sites: a recognition site where the host binds to the analyte, and a fluorophore which provides a spectroscopic signal dependent on the interaction with the analyte. Such response is mostly guided by the well-known photo-physical mechanisms of electron or charge transfer. 19 The main challenge in the design and synthesis of novel fluorescent compounds for sensing applications is in providing both essential functions, recognition and signal transduction, in one molecule. One of the most extensively studied classes of organic fluorescent sensors is that based on heterocyclic compounds, 20, 21 which have excellent spectroscopic properties and selectively bind to essential cations and anions. Thus, they can be employed as sensitive and selective optical sensors in a wide range of biological, environmental, and chemical processes. Besides the fact that they are widely incorporated in the structure of numerous important natural and synthetic biochemical agents, benzimidazole and especially their benzannulated derivatives, due to the possession of a highly conjugated planar chromophore, offer promising applications in optoelectronics, optical lasers, fluorescence probes, organic luminophores or fluorescent dyes in traditional textile and polymer fields. 22, 23 A great variety of heterocyclic molecules have been employed for the development of optical sensors where the benzimidazole unit is one of the most important key building blocks. [24] [25] [26] [27] [28] Additionally, the fluorescence of cyclic benzimidazole derivatives can be significantly altered by additional substituents placed on different positions of the planar chromophore or by condensation with other heterocycles, which leads to the extension of the conjugated aromatic surface. 29 Recently, we explored the characteristics of 2-amino-5-phenylbenzimidazo[1,2-a]quinoline-6-carbonitrile as a selective chemosensor for detecting versatile metal cations. Importantly, the fluorescence intensity of this compound significantly increases upon the addition of Zn . 30 Encouraged by the confirmed optical properties and application possibility of a biologically active amino substituted benzimidazo[1,2-a]quinoline skeleton for the detection of various cations in solution, we set out the spectroscopic and computational characterization of several 2-amino and 2,5-diamino substituted benzimidazo [1,2-a] quinolines by means of UV-Vis and fluorescence spectroscopy, density functional theory calculations, pH titrations and UV-Vis and fluorescence titrations with several metal cations in various polar and non-polar organic solvents.
Results and discussion

Synthesis
All newly prepared compounds were synthesized according to the previously published synthetic procedures. The main procedure is shown in Scheme 1. Based on the series of undertaken experiments in order to optimize the reaction times and yields, targeted amino and diamino substituted benzimidazo[1,2-a]quinolines 3-6 were finally prepared from the corresponding halogeno or dihalogeno substituted precursors 1-2 using uncatalyzed microwave assisted amination in low to moderate yields (28% to 33%).
This reaction was performed in acetonitrile with an excess of five equivalents of the corresponding amine at 800 W power, 170 1C and 40 bar, while targeted compounds were purified by using column chromatography on silica gel.
The structures of all prepared systems were determined by NMR analysis based on inspecting H-H coupling constants, chemical shifts and by mass spectroscopy. Generally, 1 H NMR spectra of all amino substituted benzimidazo[1,2-a]quinolines showed a downfield shift of the aromatic protons in comparison to halogeno substituted precursors 1-2. Also, the appearance of protons related to amino substituents in the aliphatic region can be observed in both 1 H and 13 C NMR.
Spectroscopic characterization
In order to study spectroscopic properties of 3-6, UV-Vis and fluorescence emission spectra were recorded in several organic solvents selected to ensure good solubility. To study the influence of the chosen solvents on the spectroscopic characteristics of the tested compounds, stock solutions were prepared in two polar solvents, namely ethanol and acetonitrile and two non-polar solvents toluene and dioxane. UV-Vis absorption spectra. UV-Vis spectra were measured in the range of 200-500 nm at the same concentration of 2 Â 10 À5 mol dm À3 at room temperature (Fig. 1) . The UV-Vis absorption spectra of 3 and 4 showed two main bands at 380-440 nm while diamino substituted 5 and 6 displayed three main bands at 360-420 nm, which we assign to p-p* and n-p* electronic transitions involving amino substituents. Absorption bands in the region from 250 to 325 nm are assigned to the moderate energy transition of the tetracyclic conjugated aromatic p-system. Considering the UV-Vis spectra of 3, measured in four mentioned solvents, the most intensive absorbance with a strong hyperchromic effect and a slight bathochromic shift was observed in ethanol, while in acetonitrile a significant hypochromic effect was noticed. Non-polar solvents, toluene and dioxane, also caused a significant hypochromic effect of the absorbance intensity as well as a slight hypsochromic shift of the absorbance maxima at 8 nm. The recorded spectra of 4 suggest that in non-polar solvents and acetonitrile this system shows the hyperchromic effect of the absorbance intensity relative to ethanol, and the hypsochromic shift of the absorbance maxima at 5 ppm. The similar behaviour was observed for 5 since both non-polar solvents caused a hyperchromic effect of absorbance intensity and a bathochromic shift of absorbance maxima for around 8-10 nm. Furthermore, 6 showed the highest absorbance intensity in acetonitrile while in toluene the intensity drastically decreased. Fluorescence emission spectra. Fluorescence emission spectra of 3-6 were recorded at the same concentration of 1 Â 10 À7 mol dm À3 at room temperature (Fig. 2) . Emission spectra of 3 in polar solvents showed one main emission band with a slight bathochromic shift of maxima in ethanol while in toluene and dioxane it showed two main bands with maxima at 434 and 461 nm, respectively, with a small bathochromic shift in dioxane at 437 and 464 nm. In addition, 3 showed a significant increase of the emission intensity in non-polar solvents. 4 also revealed very similar behaviour with a significant decrease of the emission intensity in acetonitrile. Furthermore, 5 showed one main band in all solvents with the highest emission intensity in ethanol and a bathochromic shift of maxima in dioxane and toluene for around 13 nm. 6 exhibited one main band in all solvents with the highest emission intensity in dioxane while in acetonitrile the latter drastically decreased. 2-N-Isopentylamino substituted 3 revealed the highest quantum yield while 2,5-diamino derivatives showed very low yields (0.04 for 5 and 0.01 for 6). Electronic absorption and fluorescence data for 3-6 are summarized in Table 1 , while analogous data for halogen substituted precursors 1-2 are presented in Table S1 and Fig. S2 and S3 for comparison (ESI †).
Effects of pH on spectral properties
Novel optical pH sensors and probes are usually characterized by their aqueous solution pK a values determined by spectrophotometry or spectrofluorometry. [1] [2] [3] [4] Optical evaluation of the concentrations of the acidic (HA) and basic forms (A À ) is based on the Henderson-Hasselbach eqn (1):
Effects of pH on the spectral properties of 3-6 were determined by spectroscopic pH titrations. Their fundamental acid-base features, such as absorption (l abs ) and fluorescence maximum (l emiss ), the extinction coefficient (e) and Stokes shifts (u A À u F ) are presented in Table 2 .
The potential use of 3-6 as pH sensing probes is based on the spectral changes caused by the protonation of the basic nitrogen atoms within the molecules. Protonation of 3 and 5 with 0.1 M HCl causes a hypsochromic (blue) shift (12 nm) of the absorption band in the visible spectrum. On the other hand, protonation of 4 and 6 results in a bathochromic (red) shift (5-9 nm) due to a greater resonance effect and enhanced molecule stability. Different behaviours of these two sets of systems are significant for their application and will be rationalized using computational analysis (see later). In general, the effect of pH is more pronounced in the fluorescence spectra than in the absorption spectra. The binding of a proton alters and expands p-conjugation and changes the electron-accepting nature of the aromatic moieties. Therefore, protonation can cause changes in both emission intensity and colour. It is known that the spectral properties of aminated benzimidazo [1,2-a] quinolines are related to charge transfer interactions. 32 As a result of protonation, the emission band of all compounds is bathochromically shifted (20-45 nm) whilst the fluorescence intensity considerably increases for 3, 4 and 6, while it decreases for 5. The spectral responses to pH for compound 6 are shown in Fig. 3 . The Stokes shifts for 3 and 4 ( Table 2) do not indicate large differences in energy upon excitation (6-45 nm), whilst the diamino substituted 5 and 6 had Stokes shift of up to 75 and 124 nm, which is significant for their potential application. The typical UV-Vis spectral response of 6 at different pH values, and the corresponding titration curves are shown in Fig. 4 . The relationship between the absorbance and pH is sigmoidal, so data points were fitted to the Boltzmann function eqn (2):
where A is the measured absorbance, A2 is the maximum absorbance, A1 is the minimum absorbance, and dx is the width in pH units of the most significant change in absorbance.
The curve exhibits excellent adjustment (R 2 = 0.9978).
The acid-base properties are characterized by an 'apparent' pK a value (as opposed to a real thermodynamic pK a , since pH titrations were not performed under strictly controlled conditions of temperature and ionic strength), and are shown in Table 2 . Unlike 3 and 5 which show pK a,app values of 2.91 and 2.7, respectively, both 4 and 6 show two values for pK a,app (2.7 and 7.9 for 4, and 3.45 and 9.14 for 6). This indicates that over the pH range examined, 4 and 6 exist in different pH sensitive forms which are spectrally detectable, from neutral molecules to dications, as demonstrated later by the computations.
Titrations with metal chloride salts
In order to evaluate the chemosensing ability of the studied amino and diamino substituted benzimidazo [1,2- showed very small or negligible changes in the absorbance intensity upon the addition of the cation. Our preliminary comparative fluorimetric titrations with the same metals were performed at the concentrations of 1 Â 10 À7 mol dm À3 for 3 and 5 Â 10 À7 mol dm À3 for 4, 5 and 6. Some selected results are presented in Fig. 6 , which suggest that 3-6 display a consistent decrease in the fluorescence intensity with the addition of metal cations at concentrations from 1 Â 10 À7 to 1 Â 10 À5 mol dm
À3
. Interestingly, Cu 2+ and Zn 2+ induced the largest intensity quenching in 5, being 65% and 59%, respectively, while in 6 the effect of these two metals is significantly surpassed by the other two metals, namely Co 2+ and Ni
2+
, assuming 34% and 39%, in the same order (Fig. 7) , providing potential for different applications of these two systems.
In conclusion, we employed Job's continuous variation method 33 to reveal the metal binding stoichiometry of 3-6. In doing so, we utilized the Cu 2+ cation, which is selected as a representative example, to provide support for the computational analysis presented later. All four plots in Fig. S1 (ESI †) show a maximum intensity at the mole fraction of Cu 2+ of 0.5 strongly implying 1 : 1 complexation.
Computational analysis
To rationalize the protonation states and the corresponding pK a values of the investigated systems, and to aid in interpreting how the latter are affected by metal cations, we performed a computational analysis using the B3LYP DFT functional and implicit SMD solvation corresponding to pure water. The calculated pK a values (Table 3) reveal that the selected computational methodology is very successful in predicting these parameters. In comparison with the six measured values, the average absolute deviation is only 0.4 pK a units with the largest difference of 0.7 pK a units for the first protonation of 6, which is remarkable. This lends credence to the rest of the computational data presented here. Data in Table 3 suggest that the calculated acid/base properties could classify the investigated systems into two separate groups. Namely, 3 and 5 having chain amino substituents show differences in several distinct features from those of 4 and 6 bearing cyclic piperazine amino fragments. 3 and 5 are weakly acidic. 
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Deprotonation of 3 to 3 À is associated with pK a = 23.7, while 5 is slightly more acidic (pK a = 21.1) because deprotonation occurs on the amino group next to the cyano moiety which is known to exhibit a strong acidifying effect.
34
Still, deprotonation of 4 and 6 is much more difficult and it would require very strong bases with a pK a of 4 40 in water. More importantly, the first protonation of 3 and 5 occurs on the imidazole imino nitrogen with the pK a values of 2.6 and 3.2, respectively, with 5 being slightly more basic due to the electron donating effect of the additional neighbouring amino group that promotes basicity. 35 The former is expected knowing that benzimidazole (pK a = 5.49) is more basic than, for example, N-methylaniline (pK a = 4.85) and N-ethylaniline (pK a = 5.12). 36 One also observes that the basicity of both 3 and 5 is lower than that of benzimidazole, which we attribute to the unfavourable effect of the attached cyano group. The second protonation Fig. 7 The selectivity of chemosensors 5 (left) and 6 (right) and towards different cations. of 3 and 5 takes place on the substituent amino group further away from the cyano moiety; the pK a values were calculated as À6.0 and À1.1, respectively. This points to an important conclusion that, in water under normal conditions (pH = 7), both 3 and 5 are predominantly present as unionized neutral molecules, which will turn out to be the major and significant difference compared to 4 and 6 (see later). The first protonation of 4 and 6 occurs on the unsubstituted piperazine nitrogen corresponding to the pK a values of 8.1 and 9.8, respectively, with the latter molecule already being appreciably basic and even surpassing the basicity of the isolated piperazine (pK a = 9.73). 36 This leads to a conclusion that, unlike 3 and 5, in aqueous solution systems 4 and 6 are predominantly monocations, which is an important observation. Interestingly, the second protonation of 4 occurs on the imino nitrogen (pK a = 2.1), while in 6 it takes place on the other piperazine unit (pK a = 3.9), which is only then followed by the imino protonation (pK a = 0.5) to yield 6 3+ . The calculated differences in the acid/base features of 3 and 5 on one hand, and 4 and 6 on the other, help rationalize their different spectral properties, which is in excellent agreement with the observed spectral shifts induced by protonation with HCl (Table 2) . Namely, introducing HCl into the solution of either 3 or 5 gives monoprotonated systems, which causes a hypsochromic (blue) shift of the absorption band. In contrast, for 4 and 6, it produces diprotonated 4 2+ and 6 2+ , which increases the stability of systems through the enhanced electron redistribution and cationic resonance resulting in the bathochromic (red) shift. In this context, it is worth underlining the highest proton accepting abilities of 6, for which the data in Table 3 indicate a relative ease in forming even tri-and tetra-protonated systems 6 3+ and 6
4+
, with the corresponding equivalents of even moderately strong acids. This would be evident in the absorption spectra, thus suggesting 6 as the most promising framework for the efficient pH sensor in the broad range of pH values.
In order to discuss the spectroscopic features of 3-6, energies of the excited states responsible for the experimental UV/Vis spectra in Fig. 1 were calculated using the TD-DFT method (Fig. S4, ESI †) . The results reveal that the TD-DFT method quite well reproduced a trend within a very narrow range of the absorption maxima, which are for 6, taken as a representative example, calculated at 389, 388, 386 and 387 nm in toluene, dioxane, ethanol and acetonitrile, respectively ( Fig. S4 and S8 , ESI †), which is in reasonable agreement with the measured values of 400, 399, 399 and 397 (Table 1 ), in the same order. This is despite the fact that calculations show only a single band in the visible region in all solvents (Fig. S4, ESI †) , while experiments display multiple bands in the same region (Fig. 1) . In accounting this discrepancy, we note that the simulated spectra were obtained from pure vertical transitions without calculating vibronic contributions. 37 Although vibronic transitions certainly affect the band shapes, we assume that the inaccuracies are more likely related to the recently reported problems with the low lying p-p* states of heteroaromatic molecules in TD-DFT calculations. 38 As explained by Prlj et al., 38 the problem is in the unbalanced description of single and double excitations, which can, depending on the problem, result in both under-and overestimated energy differences between the first two p-p* transitions. Here, they are only overestimated with well-reproduced energies of the lowest transitions. We note in passing that variations in the DFT functional and basis sets had no significant impact on our results. Nevertheless, the calculated l max values show a reasonable correlation with the experimental values when all four systems 3-6 in all four organic solvents are considered (Fig. S8, ESI †) . Differences between the lowest transition energies of 3-6 are in good correlation with the shifts of their lowest bands. Similarities between the experimental spectra of monosubstituted 3 and 4, and between disubstituted 5 and 6, are also present in the calculated spectra (Fig. S4, ESI †) . On the other hand, the pronounced solvent effects of ethanol on 3 and of toluene on 6 were not found in the TD-DFT results. These effects must be due to some specific interactions with solvent molecules which are not involved at the present computational modeling level. It can be noted that similar solvents, like acetonitrile with 3, and dioxane with 6, did not produce a notable difference from other solvents. The spectral differences between mono-and diprotonated 6 (Fig. 3 and Fig. S5 , ESI †) were also well reproduced in terms of the lowest transition energies, while agreement in relative intensities is modest.
We considered in more detail the excited states of 6, which is a representative example among the two piperazine derivatives with markedly better analytical features. The nature of the calculated excitations of 6 and its protonation forms was checked using the recently proposed f S descriptor. 39 For all states with the oscillator strength Z0.1 (termed active states), f S values were safely above 0.4 -the proposed threshold for states with significant charge transfer. 39 Only a few other states (with negligible intensities) were close to this value. Although TD-DFT energies somewhat deviate from the exact values, the difference densities are very likely less affected and well outlined here. The difference densities (obtained by subtracting the ground state from the excited state density) of all active states are dominated by p-electron contributions from the central benzimadozole-quinoline part extended by the peripheral nitrogen atoms and the cyano group (Fig. S6, ESI †) . The densities are approximately symmetric across the conjugation plane, which almost looks as a nodal plane, thus indicating that s-electrons hardly participate in the lowest electronic transitions. Difference densities for the most intense transitions are not influenced much by the solvent; in almost all cases, their relative order is also the same (Fig. S6, ESI †) . Beside the conjugated part, photoinduced density redistribution in 6 involves, to a lesser extent, a transfer to piperazine rings. The second transition involves charge transfer from quinoline to the proximal part of the 5-piperazine, which is also active in few higher transitions, in contrast to mostly inactive 2-piperazine (apart from the linking nitrogen atom). Rydberg states were not present among the active sites. The nature of the four lowest active states is also well preserved in the neutral and two protonated species of 6 (Fig. S7 , ESI †), despite chemical perturbation by protonation.
The different acid/base properties of 3-6 are also reflected in their capabilities to bind metal cations, modelled here with the Cu 2+ ions in a 1 : 1 ratio, in accordance with the experiments presented earlier. The presence of Cu 2+ significantly alters the pK a values of 3-6 (Fig. 8) as it favours their deprotonation so that, under normal conditions, all four systems are monoanions with Cu 2+ bound to the most acidic site (Fig. 8) . Since all 3-6 behave in the same way in this respect and assume the same monoanionic protonation state with CuCl 2 , this explains why their UV-Vis spectra show considerable similarities and no clear spectroscopic distinction among molecules is obvious. where it is associated with the pK a values of 28.7 and 40.4, respectively (Table 3) . This is a general trend, in which the Cu 2+ ions increase the acidity of a particular amino centre by around 10 orders of magnitude, in accordance with our previous observations for the glutathione tripeptide and the Cd 2+ ions. 40 Interestingly, only moderately strong acids are required (pK a between 4-6) to revert the monoanionic 3 À -6 À to their unionized forms (Fig. 8) , which is worth further studies towards utilizing these systems as potential pH sensors in the presence of the metal cations and vice versa, since somewhat stronger acids (pK a between 2-4) are required to change the protonation state of 3-6 without the metal ions (Table 3) . 
Conclusions
In this work novel 2-amino and 2,5-diamino substituted benzimidazo[1,2-a]quinolines 3-6 were synthesized in order to study their optical properties. UV-Vis and fluorescence spectroscopic characterizations were performed in polar and non-polar solvents as well as pH-and different metal chloride titrations in water. The UV-Vis absorption spectra of 3-4 showed two main bands at 380-440 nm, while 5-6 displayed three main bands at 360-420 nm, which can be assigned to p-p* and n-p* electronic transitions, while bands at 250-325 nm correspond to the excitation of the conjugated p-system. 3 displayed the largest absorbance intensity in ethanol, while in other solvents significant hypsochromic effects were observed. 4 showed a hyperchromic effect in the absorbance intensity and a slight hypsochromic shift in non-polar solvents and ethanol, similarly to 5. 6 demonstrated the highest absorbance intensity in acetonitrile and a decreased intensity in toluene.
Emission spectra suggest that, in polar solvents, all systems exhibit fluorescence intensity quenching except 5, which showed the highest intensity in ethanol. In addition, the fluorescence quantum yield is strongly influenced by both the position and the type of the amino substituent on the tetracyclic framework. Thus, 2-N-isopentylamino substituted 3 revealed the highest quantum yield while 2,5-diamino derivatives showed very low yields (0.04 for 5 and 0.01 for 6).
The acid-base properties of 3-6 were examined and their pH sensing applicability was evaluated. All compounds exhibited spectral changes in the pH range 1-12 and a very strong pH sensitivity of fluorescence (in the range 450-500 nm), the latter making them promising candidates for efficient pH sensors. The bathochromic shift of the fluorescence emission band and a strong increase of the fluorescence intensity of 3, 4 and 6 occur on exposure to acidic solutions. It was found that 3-6 have potential for application in the acidic environment (pK app in the range 2.70-3.45).
In Computational analysis aided in rationalizing the acid/base features of the investigated molecules and their abilities to bind metal cations. The study of the pK a values revealed that 3-6 could be divided into two distinct groups, which is experimentally evidenced in their different spectral properties, particularly in the shift of the absorption band in the visible spectrum. Namely, 3 and 5 having chain amino substituents are unionized under normal conditions, and upon the addition of HCl become monoprotonated at the corresponding imino centres to exhibit the hypsochromic (blue) shift of the absorption band. In contrast, 4 and 6 are significantly more basic and are predominantly monocations, which become diprotonated in the same acidic media resulting in the bathochromic (red) shift. Cu 2+ addition favours monodeprotonation in all 3-6 under normal conditions, which diminishes their differences in spectral responses, however, it produces systems which become more sensitive to very mild changes in the solution pH values (around pH E 4-6, as opposed to pH E 2-4 without the metal ions) opening the door for utilizing these systems as potential pH sensors in the presence of metal cations and vice versa.
Experimental section
Synthesis
General methods. All chemicals and solvents were purchased from commercial suppliers Acros, Aldrich or Fluka. Melting points were recorded on SMP11 Bibby and Büchi 535 apparatus. The 1 H and 13 C NMR spectra were recorded on a Varian Gemini 300 or Varian Gemini 600 at 300, 600, and 150 and 75 MHz, respectively. All NMR spectra were measured in DMSO-d 6 solutions, while chemical shifts are reported in ppm (d) relative to TMS as the internal standard. Mass spectra were recorded on an Agilent 1200 series LC/6410 QQQ instrument. The electronic absorption spectra were recorded on a Varian Cary 50 spectrometer using a quartz cuvette (1 cm). All systems were routinely checked by TLC using Merck silica gel 60F-254 glass plates. Microwave-assisted synthesis was performed in a Milestone start S microwave oven using quartz cuvettes under a pressure of 40 bar, and a power of 800 W at 170 1C. Elemental analyses for C, H and N were performed on a Perkin-Elmer 2400 analyzer. Where analyses are reported with element symbols, analytical results are within 0.4% of the theoretical values.
General method for the preparation of systems. Systems 3-6 were prepared according to previous reports, 41 using microwave irradiation at optimized power and reaction time, from the corresponding halogeno substituted systems in acetonitrile (10 mL) with the excess of the matching amine. 
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Spectroscopic characterization
UV-Vis absorption spectra were recorded, against the solvent, at (25 AE 0.1) 1C, using a Varian Cary 50 spectrophotometer in double-beam mode. The wavelength range covered was 200-500 nm. Quartz cells of 1 cm path length were used throughout and the absorbance values were recorded at 0.1 nm. Fluorescence measurements were carried out on a Varian Cary Eclipse fluorescence spectrophotometer at 25 1C using 1 cm path quartz cells. Excitation maxima were determined from excitation spectra covering the range of 200-500 nm. Emission spectra were recorded from 400 to 600 nm and corrected for the effects of time-and wavelength-dependent light-source fluctuations using a standard of rhodamine 101, a diffuser provided with the fluorimeter and the instrument software. The measurements were done in ethanol, acetonitrile, toluene and dioxane (HPLC grade). Relative fluorescence quantum yields f were determined according to Miller using eqn (3):
where A is the absorbance at the excitation wavelength, D is the area under the corrected emission curve, and n is the solvent refractive index. Subscripts s and x refer to standard and unknown, the former being quinine sulphate with a fluorescence quantum yield of 0.54. 28 All samples were purged with argon to displace oxygen. The quantum yield reproducibility after three independent measurements was better than 10%.
pH titrations
In order to study the effect of pH on the spectroscopic properties of 3-6, UV-Vis and fluorescence emission spectra were recorded in universal buffer solutions covering the pH range 2-12. Solutions of 0.1 M hydrochloric acid and 0.1 M sodium hydroxide were used as terminal acidic and basic points in the titration experiments with 1 Â 10 À5 mol dm À3 solutions of 3-6
for the absorbance and 2 Â 10 À6 mol dm À3 for the fluorescence measurements. The excitation wavelengths were determined from the absorption spectra.
Computational details
As a good compromise between accuracy and feasibility, computational analysis was performed using the B3LYP DFT functional employing the 6-31+G(d) basis set for the carbon, nitrogen and hydrogen atoms and the Stuttgart-Dresden (SDD) effective core potentials 42 for the inner electrons of copper atoms and its associated double-z basis set for the outer ones. Thermal corrections were extracted from the corresponding un-scaled frequency calculations to obtain the free energies reported here. Gas-phase results were further refined with a single-point energy calculation employing a more flexible 6-311++G(2df,2pd) basis set. To account for the solvation effects, we included the SMD polarisable continuum model 43 with all parameters for pure water, giving rise to the B3LYP/ 6-311++G(2df,2pd)/SDD//(SMD)/B3LYP/6-31+G(d)/SDD model. The choice of this computational setup was prompted by its success in reproducing the kinetic and thermodynamic parameters of various organic reactions, 44 and predicting accurate pK a values for similar organic systems. 35, 45 pK a values were calculated in an absolute fashion employing a gas-phase proton free energy of G1(H + ) = 6.28 kcal mol À1 and an experimentally determined value for the proton solvation free energy of
